This study tested the feasibility of C11-acetate (acetate) positron emission tomography (PET) imaging to assess response to therapy in men with bone metastatic prostate cancer and compared results for disease detection and response evaluation with F-18 fluorodeoxyglucose (FDG) PET. Materials and Methods: Men with Ն3 prostate cancer bone metastases identified by Tc-99m methylene diphosphonate (MDP) bone scintigraphy and/or computed tomography were enrolled in a prospective study of serial acetate and FDG PET imaging. Patients were imaged before and 6 to 12 weeks after initial androgen deprivation therapy for new metastatic prostate cancer or first-line chemotherapy with docetaxel for castration-resistant prostate cancer. Qualitative assessment and changes in the tumor:normal uptake ratio were used to assess response by both acetate and FDG PET. In addition, the detection of bone metastases pretherapy was compared for acetate and FDG PET. Results: A total of 8 patients with documented bone metastases were imaged, of which 6 were imaged both pre-and post-therapy. Acetate PET detected bone metastases in all 8 patients, whereas FDG PET detected lesions in 6 of the 7 imaged patients. Acetate PET generally detected more metastases with a higher tumor:normal uptake ratio. Qualitative and quantitative assessments of post-treatment response correlated with composite clinical designations of response, stable disease, or progression in 6 of 6 and 5 of 6 by acetate and 4 of 5 and 3 of 5 by FDG PET, respectively. Conclusions: In this pilot study, results indicate that acetate PET holds promise for response assessment of prostate cancer bone metastases and is complementary to FDG PET in bone metastasis detection.
P rostate cancer is the most commonly diagnosed malignancy in men in the United States of America and is second in cancerrelated mortality only to lung cancer. 1 Earlier diagnosis, attributable to increased screening, has led to the discovery of many potentially "curable" lesions, yet approximately 30% to 40% of patients will ultimately relapse after definitive local surgery or radiation. Eventually, these patients may develop metastatic prostate cancer lesions that require treatment with androgen deprivation therapy (ADT) 2 and eventually chemotherapy for more advanced castration-resistant disease. 3, 4 Identifying prostate cancer metastases, especially determining response to therapy, is a major challenge for clinicians. As a result, the recent Prostate Cancer Working Group 2 recommendations 5 for clinical trials recommend evaluating time to event endpoints rather than response endpoints. This is because clinically meaningful prostate cancer treatment responses have been difficult to define, and no uniformly accepted modality predicts clinical outcome. This is partially because the majority of men with prostate cancer harbor bone metastases, and only a minority of patients have measurable soft tissue lesions that shrink in a small fraction of patients, 3, 4 making the Response Evaluation Criteria in Solid Tumors criteria challenging for use in metastatic prostate cancer. Planar bone scintigraphy is hindered with issues such as the "flare response," slow resolution, and a lack of quantitative ability. Prostate-specific antigen (PSA) decline does not provide information on the anatomy or the heterogeneity of disease response, and is not a universally accepted surrogate for long-term outcomes. Establishing an effective biomarker for men with metastatic prostate cancer would provide useful prognostic information, individualize systemic treatment, and aid in clinical trial development of novel therapeutics.
The use of molecular imaging as a means of monitoring response to prostate cancer therapy is appealing. Both magnetic resonance spectroscopy and diffusion magnetic resonance imaging offer functional and anatomic information, but additional work is necessary to demonstrate ability as a response measure. 6, 7 Positron emission tomography (PET) imaging is another modality with excellent potential to measure response, relying on differential tumor uptake and metabolism of substances such as glucose, acetate, or choline. Recent studies report decline in F-18 fluorodeoxyglucose (FDG) standard uptake value (SUV) with response to therapy in prostate cancer bone metastases, 8, 9 which correlate with decrease in PSA. Another study has shown that a Ͼ33% increase in FDG PET SUVmax or the appearance of a new lesion by FDG PET indicates progression for castration-resistant metastatic prostate cancer patients receiving antimicrotubule chemotherapy. 10 Work from our institution in bone-dominant breast cancer has shown FDG PET changes to correlate with therapeutic response, tumor marker levels, and time to progression. 11 However, FDG PET may have limited sensitivity for imaging prostate cancer, especially for those patients with earlier stage disease. 12 Early studies with C11-acetate (acetate) PET imaging have generally demonstrated superiority in detection of prostate cancer over FDG PET. [13] [14] [15] In one report, Fricke et al 15 reported a higher rate of overall lesion detection with acetate (83%) than FDG (75%); however, median SUV was higher for acetate in local recurrences (2.9 vs. 1.0) and lymph node metastases (3.8 vs. 1.1), whereas median SUV was higher for FDG in distant metastases (3.2 vs. 2.3). The focus of the previously reported studies has been to detect the location(s) of cancer during an otherwise biochemically recurrent state. 14 -17 To our knowledge, no studies have focused on evaluation of bone metastases and response to systemic therapy with clinical endpoints. Therefore, the purpose of this pilot study was to evaluate acetate PET as a method to assess the response of prostate bone metastases to therapy. A secondary goal was to compare acetate uptake with FDG uptake in patients with prostate cancer bone metastases. Our hypothesis was that qualitative and quantitative changes in acetate uptake would occur with response and/or progression to systemic therapy. We compared acetate PET results with FDG PET, which has previously demonstrated utility for response assessment for some patients. 10
MATERIALS AND METHODS

Patients
Men, 18 years or older, with prostate cancer and Ն3 bone metastases identified by Tc-99m bone scintigraphy and/or computed tomography (CT), who were preparing to receive systemic treatment with either ADT for new prostate cancer bone metastases or firstline chemotherapy with docetaxel for castration-resistant prostate cancer, were recruited from the Seattle Cancer Care Alliance and the University of Washington Medical Center. Patients were excluded from the study if a bisphosphonate, radiation to bone, or radiopharmaceutical treatment was given within 4 weeks, lifespan was limited to 12 weeks or less, patient was unable to lay still, patient was too heavy (Ͼ300 lbs) for the imaging table, or the patient had a condition that would impair ability to receive imaging and treatment or to understand and authorize informed consent.
We acquired acetate and FDG PET images before and 6 to 12 weeks after initiation of systemic therapy. All patients underwent chest, abdomen, and pelvic CT and Tc-99m MDP bone scintigraphy at similar intervals for comparison. After the first patient was enrolled, we amended the protocol to exclude patients who were treated with granulocyte-colony stimulating factor (GCSF) or granulocyte-macrophage colony stimulating factor within 4 weeks of the first PET scan or during the interval between the 2 PET scans. The rationale for this exclusion is presented in the results section.
Radiosynthesis
Acetate was made by reacting C11-CO 2 with methylmagnesium bromide (Sigma Aldrich, St. Louis, MO) in a Grignard's reaction as previously reported. 18 The radiochemical purity was Ͼ98%. Acetate (0.3 mCi/kg of radiotracer up to a maximum of 30 mCi, containing Ͻ400 g) was administered by intravenous injection of a 10-mL solution of isotonic saline. FDG was synthesized by the method of Hamacher et al. 19 The radiochemical purity of the FDG was consistently Ͼ99%. Acetate and FDG met all of the quality control limits specified in their United States Pharmacopeia monographs.
Imaging Protocols
The PET studies were performed on a GE Advance PET tomograph (GEMS, Waukesha, WI) providing 35 image planes over a 15-cm axial field-of-view (FOV) with a 4.25-mm spacing. 20 Although a 25-minute transmission scan with a Ge-68 rotating sector source was underway, intravenous lines were introduced for isotope injection and blood sampling. Acetate emission images were acquired in 1 FOV over the index lesion with a dynamic sequence: 16 ϫ 5 seconds, 7 ϫ 10 seconds, 5 ϫ 30 seconds, 5 ϫ 1 minutes, 5 ϫ 3 minutes, and 1 ϫ 5 minutes time frames for a total of 30 minutes. The index lesion was chosen as a site of prominent and easily identified disease, on the basis of the review of conventional imaging (CT, bone scan) performed before PET. The dynamic imaging data served primarily to provide quantitative uptake data for evaluation of change with therapy. After the dynamic emission scan and body transmission imaging, additional emission images were acquired for approximately 5 minutes per bed position from midthigh to head (3) (4) (5) . Emission PET images were corrected for scattered and random coincidences, and reconstructed by filtered back-projection using a Hanning filter, which resulted in reconstructed spatial resolution of approximately 10 mm.
Immediately after the acetate study, and while the patient was in the same position, FDG (7-10 mCi) was injected intravenously into one arm, followed by both dynamic emission imaging over the same dynamic FOV as acetate and a body sweep (3) (4) (5) . FDG body emission images were reconstructed with and without segmentation, applied to the transmission and transaxial slices, and reconstructed by conventional reconstruction, with corrections for scatter and random events.
Imaging Analysis
The primary goal of the study was to determine if qualitative and quantitative changes in acetate uptake occur in response to systemic therapy, and secondarily to compare acetate and FDG uptake pretherapy and changes in uptake in response to therapy. For the qualitative analysis, 2 independently blinded nuclear medicine specialists reviewed each patient's CT and bone scans to determine sites of bone metastases. Furthermore, they reviewed both FDG and acetate PET torso survey images to determine if any metastases were detectable, and if so, whether the PET imaging modalities detect the known sites of metastases seen on CT and bone scan over the extent of the body covered by the PET studies (neck to pelvis). They also qualitatively described a change in response to treatment as response, stable disease, or progression based on qualitative changes in the intensity and/or extent of abnormal uptake seen on the PET studies. All lesions with tracer uptake were taken into account for the qualitative analysis, including any discrepancies between the index lesion used for quantitative analysis (see below) and other sites of disease. Any discordance in interpretation was resolved by consensus.
Quantitative analysis focused on the single dynamic imaging field where high-count data were available for both acetate and FDG. For the single FOV images of acetate and FDG, quantitative analysis was performed by constructing regions of interest over the index lesion(s) on the summed SUV scans acquired from 5 to 25 minutes for acetate 21 and 40 to 60 minutes for FDG. Because the analysis considered images acquired at least 40 minutes postinjection of FDG and at least 100 minutes postinjection of acetate, there was minimal, if any, inclusion of counts from acetate injection in the FDG images that were analyzed. Mean and Max SUV from these regions were recorded using PMOD image analysis software (PMOD Technologies; Zurich, CH, Switzerland). For the early analysis in this study, we chose the lesion with the highest pretherapy uptake in the dynamic imaging field as the index lesion for quantitative comparisons with treatment. Because we observed considerable variability in acetate SUV in both tumor and normal bone, the tumor:normal tissue ratio served as the primary means for evaluating uptake and changes in response to therapy for both tracers. In each case, a normal comparable bone, documented to be free of disease by standard imaging and having no lesions by either FDG or acetate PET, served as the basis for the tumor:normal ratio for the index tumor site.
Clinical Response Determination
Each patient served as his own control, and specific qualitative and quantitative changes in both acetate and FDG PET uptake were compared with clinical response to treatment. To serve as a "gold standard" response, 2 medical oncologists, blinded to the PET results, reviewed each case before treatment and again 6 to 12 weeks after initiation of therapy. Clinical symptoms, bone scans, CT scans, and PSA levels were extracted for medical oncologist review, and the patients were designated as either demonstrating a response to therapy, stable disease, or progressive disease. Both, improvement in cancer pain or Ն50% PSA decline from the pretreatment baseline level were included in the designation of clinical response. 22 Worsening of cancer pain, Ն2 new abnormal malignant bone scan lesions, or Ն25% increase in PSA from baseline were included in designation of clinical progression. 5 Stable disease was designated if patients did not meet the criteria for clinical response or progression. If there was any discordance in clinical classification, a consensus was reached by the 2 blinded readers by discussion. The clinical classification was further compared directly with both qualitative and quantitative changes in PET uptake measures, as determined by methods described above.
Statistics
Statistical comparisons before and after therapy were made using Student t test (paired) for continuous variables and Spearman for categorical variables, using the statistical software package JMP (SAS; Cary, NC).
RESULTS
A total of 8 patients were enrolled in this pilot study. Patient characteristics are provided in Table 1 . All patients underwent pretreatment acetate PET scans, while 7 underwent pretreatment FDG PET imaging (1 patient refused the baseline FDG PET after developing pain while lying on the scanning table). Two patients underwent pretreatment scans only, one patient withdrew from the study early to pursue naturopathic therapies and another patient was unable to undergo the second set of imaging studies due to equipment malfunction.
Of the patients who underwent baseline scans, all 8 patients had metastatic bone lesions detected by acetate PET and 6 of 7 detected by FDG PET. Five of 8 of the acetate PET images and 2 of 7 of the FDG PET images detected all metastatic bone lesions visualized by conventional imaging over the imaging field covered by PET. In 6 patients, acetate detected more lesions than FDG PET, and occasionally, lesions were detected that were not found on bone scan. In one patient, FDG detected more lesions than acetate PET, and in another patient, the 2 radiotracers were equivalent. Uptake was overall heterogeneous, where acetate would illuminate some and FDG other lesions; however, overall demonstration of metastases was more reliable by acetate as compared with FDG PET. Additionally, 2 patients had lymph node metastases, and although none were detected by FDG PET, acetate PET detected all as well as some additional sites that were not visualized on CT imaging. By quantitative analysis, there was higher tumor:normal background SUV ratio by acetate when compared with FDG PET (Fig. 1) .
Six patients underwent both pretreatment and post-treatment imaging studies and were evaluable for treatment response. Two patients had hormone treatment naive prostate cancer and received first-line ADT with goserelin combined with bicalutamide. Four patients had received prior ADT and were initiating every 3-week docetaxel chemotherapy, with prednisone for castration-resistant (serum testosterone, Ͻ50 ng/dL) disease. Of the 4 patients receiving docetaxel, the first patient developed asymptomatic neutropenia as a result of his first treatment with docetaxel and received prophylactic GCSF after his second treatment of docetaxel. His second PET imaging studies showed diffuse marrow signal on both FDG and acetate PET (Fig. 2) , preventing the classification of bone metastasis treatment response by PET. This is well described in the FDG PET literature, 23 but to our knowledge has not been described in the acetate literature. However, he had an assessable enlarged right hilar lymph node, visualized by CT and acetate PET but not by FDG PET; evaluation of this lymph node was not hampered by GCSF administration. Clinically, he had a response to docetaxel, with decrease in pain and PSA. In the remaining 5 patients, both patients receiving first-line ADT had dramatic response to therapy by composite clinical parameters assessed by our panel of medical oncologists, specifically improvement in pain and significant PSA decline. Of the remaining 3 patients receiving docetaxel chemotherapy, 2 progressed (1 patient by PSA and the other by restaging CT and bone scan) and one had response by PSA decline with stable restaging scans.
Changes observed by qualitative analyses in response to therapy correlated with changes in composite clinical parameters in 6 of 6 by acetate PET and 4 of 5 by FDG PET ( Table 2) . Examples of both response to therapy and progression of disease are provided in Figures 3 and 4 , respectively.
Tumor:normal ratio was most useful in assessing quantitative response (Fig. 5A, B) , given the greater variability in normal background for acetate, possibly due to the conversion of acetate to 11 C-CO 2 . The quantitative analysis, using tumor:normal ratio, revealed the lesion with the highest pretherapy uptake in the dynamic imaging field to be the same site in all cases by both acetate and FDG PET. There were no instances in which the index lesion behaved substantially differently in treatment response to the other lesions evaluated on the qualitative analysis. Changes in PET in response to therapy correlated with changes in composite clinical parameters in 5 of 6 by acetate PET and 3 of 5 by FDG PET. Additionally, 2 patients with lymph node metastases detected only by acetate PET underwent changes in response to therapy that corresponded with the composite clinical parameters.
DISCUSSION
In this prospective pilot trial, acetate PET detected more bone metastases and had higher tumor:normal background SUV for prostate cancer bone metastases when compared with FDG PET in most patients. This assessment was true for the majority of both hormone-FIGURE 2. Diffuse marrow signal in response to GCSF. In the first study patient receiving docetaxel chemotherapy, GCSF was used for prophylaxis from neutropenia. Not surprisingly, the second FDG PET scan (A, right: post-treatment ͓post-Rx͔) to determine response to therapy revealed a diffuse intense marrow signal in the bone compared with the first (A, left: pretreatment ͓pre-Rx͔). The second acetate PET scan showed a similar result (B, left: pre-Rx and B, right: post-Rx). As a result, the protocol was amended to prohibit imaging of patients who would receive growth factors that might lead to such a result, confounding assessment of treatment response.
TABLE 2. Qualitative Therapeutic Response Assessment
sensitive and castration-resistant patients. Response to therapy was assessable by both qualitative and quantitative acetate PET, corresponding with early response and progression to therapy in most patients, as measured by composite criteria incorporating bone scans, CT scans, PSA changes, and clinical symptoms. Interestingly, we observed diffuse marrow uptake of acetate PET in one patient who received GCSF while undergoing docetaxel chemotherapy, similar to diffuse marrow FDG uptake in response to GCSF in other types of cancer patients. 23 We observed, as others have, 10 that serial FDG PET also measured response, although low pretherapy uptake hampered evaluation in some patients.
The biologic mechanisms for the accumulation of acetate are not yet fully understood, but there is a reasonable rationale supporting its use in prostate cancer. Acetate uptake in tumor cells is regulated by fatty acid synthase (FASN) and distributed into biosynthetic pathways for phospholipid membrane synthesis and maintenance. 24, 25 FASN expression occurs early in prostate cancer development, 26 yet androgen-independent bone metastases display the highest FASN expression. 27 Therefore, overexpression of FASN in prostate cancer may increase the accumulation of acetate as a marker of tumor activity and lipid metabolism. 26, 28, 29 A, B, right) imaging studies. Specifically, the lesions at L5 may be worse and there may be a new lesion at T4 by PET (see labels). This matched a subtle increase in his PSA from 234 to 263 ng/mL. Normal tissue uptake varied between patients and for the same patient in serial studies. We therefore chose to use the tumor:normal ratio to quantify changes in acetate uptake with therapy. The reason for this variability is unknown, but may relate to acetate clearance and/or metabolism. Planned future analysis of dynamic data using kinetic modeling may shed light on this finding and decrease variability of measures of acetate uptake.
Although our data suggest that acetate has potential as a response measure for men with prostate cancer bone metastases, we recognize that there may be limitations to its use in clinical trials and clinical practice. In particular, acetate has a very short 20-minute half-life and not all institutions can perform these studies. Additionally, biologic heterogeneity exists within individual patient bone metastases, 30 and combination with other imaging agents or modalities may improve detection and response assessments. Other agents that are also thought to image lipid metabolism, such as C11choline [31] [32] [33] and F-18 Fluorocholine, 34 may have similar value for imaging prostate cancer.
Our study population consists patients who are earlier in the natural history of prostate cancer progression than other recent publications evaluating FDG PET for measuring prostate cancer bone metastasis response. 10 This small study sample offers a mixed but representative population of patients with hormone-sensitive and castration-resistant prostate cancer, who were receiving first-line treatment for their respective disease states. Potential differences in results compared with other studies 10,15 may be related to heterogeneity of patient populations or to our limited sample size. Future studies would benefit from a more comprehensive analysis of the entire burden of metastatic disease 9 than was possible in this pilot study.
CONCLUSIONS
Our early data suggest that the acetate PET may offer an assessment of treatment response and is complementary to FDG PET for detection of bone metastatic prostate cancer. Further studies in this setting are warranted.
FIGURE 5.
Quantitative change in PET tumor:normal SUV in response to therapy. A, Acetate PET: Six patients were assessable for response to therapy by undergoing both baseline and post-treatment response acetate PET scans. Four patients were deemed to have a clinical response to therapy and that matched in all 4 patients with declines in tumor:normal SUV by acetate PET. Two patients had clinical progression. Of those 2 patients, 1 had increase in tumor:normal SUV and another had little change. B, FDG PET: Five patients were assessable for response to therapy by undergoing both baseline and post-treatment response FDG PET scans. Four patients were deemed to have a clinical response to therapy and that matched with declines in tumor:normal SUV by FDG PET in 3 of 4 patients. Another had essentially no change in tumor:normal SUV. One patient had clinical progression and this did not match with the change in tumor:normal SUV that showed decrease in response to therapy rather than increase.
Clinical Nuclear Medicine • Volume 36, Number 3, March 2011
Prostate Cancer Response by C11-Acetate and F-18 FDG PET
